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Introduction {#sec001}
============

*Arabidopsis thaliana* contains many secondary metabolites, and glucosinolates (GLSs) are considered to be among the most characteristic \[[@pone.0202153.ref001]\]. GLSs are synthesized from glucose and amino acids and can be classified into three groups: aliphatic, indole and aromatic GLSs. The ecotype Columbia (Col-0) contains a set of about 30 different GLSs \[[@pone.0202153.ref002]\]. The main function of GLSs, plant defense against herbivores and pathogens, is mediated by their breakdown products, mainly simple nitriles, epithionitriles and isothiocyanates (ITCs) \[[@pone.0202153.ref003],[@pone.0202153.ref004]\]. In particular the hydrolysis product ITC serves as an important defense compound against various plant pests \[[@pone.0202153.ref005],[@pone.0202153.ref006]\]. In addition to their function in plant pathogen resistance, GLSs and their breakdown products are also highly relevant for medical research. In cancer cell lines, ITCs were shown to inhibit phase I enzymes, increase the activity of phase II enzymes and to induce apoptotic alterations and cell cycle arrest \[[@pone.0202153.ref007]--[@pone.0202153.ref009]\]. GLS breakdown is initiated by myrosinase (thioglucoside glucohydrolase, TGG), which hydrolyses the thioglucoside bond to cleave off the glucose group \[[@pone.0202153.ref010],[@pone.0202153.ref011]\]. The remaining instable aglucone spontaneously converts to ITC, or in the presence of specifier proteins is metabolized either to a simple nitrile or an epithionitrile \[[@pone.0202153.ref012]\]. Since GLSs and myrosinases are stored separately in the leaves, this breakdown is thought to occur mainly as a reaction to tissue damage after pathogen attack \[[@pone.0202153.ref013],[@pone.0202153.ref014]\]. However, several studies also indicate that there might be an internal turnover of GLSs in intact plant tissues \[[@pone.0202153.ref012],[@pone.0202153.ref015]--[@pone.0202153.ref020]\]. First, the tissue GLS content as well as composition constantly changes throughout the life span of *A*. *thaliana*. Seeds have a particularly high GLS content with a characteristic composition. They contain mainly GLSs without secondary modifications while the modified versions are more abundant in vegetative tissues \[[@pone.0202153.ref002],[@pone.0202153.ref021],[@pone.0202153.ref022]\]. Conversion from the seed to the leaf GLS set requires degradation of the seed GLSs during the early seedling developmental process, which has been confirmed using a radiolabeled GLS \[[@pone.0202153.ref021]\]. GLS contents then increase in leaves until the bolting stage and decrease again during senescence, which most likely also involves internal degradation \[[@pone.0202153.ref002],[@pone.0202153.ref021]\]. Secondly, the total GLS content of *A*. *thaliana* leaves shows diurnal fluctuations, and the decrease detected during the night might be due to internal turnover \[[@pone.0202153.ref023], [@pone.0202153.ref024]\]. Thirdly, a decrease in GLS content observed during sulfur depletion indicates that GLSs might serve as sulfur storage compounds \[[@pone.0202153.ref025]--[@pone.0202153.ref028]\].

In the roots, atypical myrosinases such as PYK10 (At3g09260) and GLSs are stored in two independent compartments of the same cell, the ER bodies and vacuoles, respectively \[[@pone.0202153.ref029]\]. Thus, GLS turnover could take place without tissue disruption following translocation of myrosinases into vacuoles, co-secretion of myrosinases and GLSs out of the cell or single cell collapse. In leaves, GLSs are stored primarily in specialized S-cells localized in the midvein close to the phloem. The main leaf myrosinase isoforms TGG1 and TGG2 are expressed in scattered myrosin cells as well as in phloem-associated cells, and TGG1 in addition is highly abundant in stomatal guard cells (reviewed by \[[@pone.0202153.ref012]\]). Subcellular localization is not entirely clear yet. Binding of MVP1 (Modified vacuolar phenotype 1; At1g54030) to TGG2 was suggested to translocate TGG2 relative to GLSs and thus enable turnover in intact leaves \[[@pone.0202153.ref012]\]. Inducible ER bodies containing several atypical myrosinases have also been detected in *A*. *thaliana* leaves \[[@pone.0202153.ref030]--[@pone.0202153.ref032]\]. However, their physiological role in glucosinolate metabolism has not been established.

Tissue disruption leads to specific profiles of GLS breakdown products in the different *A*. *thaliana* ecotypes and also in individual plant organs. In addition, GLS hydrolysis products change dynamically during development as well as in response to specific environmental conditions and pathogen attack \[[@pone.0202153.ref033]--[@pone.0202153.ref035]\]. Col-0 rosettes produce primarily ITCs, but nevertheless express functional specifier proteins and are capable of producing at least low levels of simple nitriles \[[@pone.0202153.ref034]--[@pone.0202153.ref037]\]. For efficient nutrient remobilization, the GLS breakdown products should be non-toxic and easy to integrate into primary plant metabolism. Thus, the degradation pathway via simple nitriles seems to be the most likely option for internal GLS turnover. Nitriles can be further catabolized via nitrilases into carboxylic acids. Via this pathway glucose, sulfate, elemental sulfur, and nitrogen in form of ammonium are released, and all of these nutrients can be reused in primary metabolism or as energy supply \[[@pone.0202153.ref017],[@pone.0202153.ref038],[@pone.0202153.ref039]\].

The aim of the present study was to analyze internal turnover of GLSs in *A*. *thaliana* leaves under clearly defined conditions. Total myrosinase activity in combination with the protein abundance of the major myrosinase isoforms expressed in leaves (TGG1 and TGG2) were used as a marker for the induction of GLS breakdown. We also measured nitrilase activity in order to estimate the potential flux through this branch of the GLS degradation pathway. A developmental timeline and a diurnal setup were included since changes in the GLS profile have been reported under these conditions. In addition, we used extended darkness as a tool to induce carbohydrate starvation. In the absence of photosynthesis, plants remobilize nutrients such that they can use amino acids and fatty acids as alternative substrates for ATP production \[[@pone.0202153.ref040],[@pone.0202153.ref041]\]. Our results indicate that GLS turnover might also be induced during extended darkness to provide nitrogen and sulfur in addition to glucose and carboxylic acids as substrates for ATP production most likely via the nitrile pathway.

Material & methods {#sec002}
==================

Plant material and growth conditions {#sec003}
------------------------------------

All plants used for this study were *Arabidopsis thaliana* ecotype Columbia (Col-0). The plants were grown under long day (LD; 16 h light/8 h dark) and short day (SD; 8 h light/16 h dark) conditions at 22 °C with a light intensity of 85 μmol s^−1^ m^−2^ light and 65% humidity. Rosette leaves were used for all experiments. The plant material was frozen in liquid nitrogen immediately after harvest, ground to a fine powder, and stored at -80°C until use.

The diurnal setup was performed with two-week-old LD plants (pooled to four to five replicates) and the four harvest points were: (i) at the beginning of the light period, (ii) after 8 h of light, (iii) at the end of the light period and (iv) after 4 h of darkness. Plants at different developmental stages were harvested at the beginning of the light period. For the measurements, four to five plants from each developmental stage were taken and pools collected of two- and three-week-old LD and three- and four-week-old SD plants, respectively.

Extended darkness experiments were performed with 42 d old SD plants (four to five replicates). The plants were harvested after 3 d (45 d old plants) and 7 d (49 d old plants) of darkness. Metabolite data were obtained from plants grown for 42 d under SD conditions followed by one week of darkness.

GLS profiling {#sec004}
-------------

Metabolites were extracted by adding 80% methanol to the frozen leaf powder kept at liquid nitrogen temperature to reach 0.2 mg FW μl^-1^ and homogenizing with a mixer mill for 2 min \[[@pone.0202153.ref042]\]. Profiling of GLSs by LC-MS was performed using a Surveyor HPLC system source coupled to a linear ion trap (IT) ESI-MS system FINNIGAN-LTQ (Thermo Finnigan, USA) mass detector according to the previously published protocol \[[@pone.0202153.ref042]\]. The HPLC system was equipped with a Luna C18(2) reversed phase column (150 x 2.0 mm i.d. 3.0 μm particle size, Phenomenex). The mobile phases were solvent A: 0.1% formic acid in water and, solvent B: 0.1% formic acid in acetonitrile. The elution flow rate of the mobile phase was 200 μl/min, and 2μl sample were loaded per injection. The LTQ Linear ion trap MS with a heated electro spray source was used with full scan mode of negative and positive ion detections, covering a mass range from *m/z* 200--1500. Chromatographic data were processed using Xcalibur 2.2 software (Thermo Fisher Scientific). The processed data matrix was normalized using an internal standard (Isovitexin; CAS 29702-25-8) in extraction buffer (5 μg ml^-1^). For data analysis, relative peak areas representing mass spectral ion currents were normalized to sample fresh weight fresh weight (FW) and peak area of the internal standard. Metabolites were identified and annotated based on previously published data \[[@pone.0202153.ref043]\], as well as the properties of purified compounds obtained from *A*. *thaliana* extracts \[[@pone.0202153.ref044]\].

Myrosinase activity {#sec005}
-------------------

The method from Palmieri et al., 1982 \[[@pone.0202153.ref045]\] was used to determine the myrosinase activity. For extraction 600 μl of ice-cold potassium phosphate buffer (25 mM, pH 7.0) was added to 40 mg of frozen and ground rosette leaves, vortexed and kept on ice for 10 min. After centrifugation (10 min; 10000 *g*), 450 μl of the supernatant was loaded onto Microcon^®^ Centrifugal Filter Devices with a cutoff of 30 kDa. After two filtering steps and filling up the supernatant in the filter devices to 500μl in between with potassium phosphate buffer, 75 μl of the extract was used for the activity measurement. A total volume of 300 μl was composed of extraction buffer, 0.13 mM ascorbic acid, 0.5 mM sinigrin and 75 μl of the extract. The absorbance of sinigrin was measured photometrically in a UV-permeable 96 well plate at 227 nm for 15 min. Each 9 sec a data point was collected and rates were taken in the linear phase. For each biological replicate (measured in duplicate), a control with extraction buffer, 0.13 mM ascorbic acid and 75 μl of the extract was measured and the obtained rates were substracted from the samples measured with 0.5 mM sinigrin. The activity was calculated using the extinction coefficient of Ɛ~227~ = 7273 M^-^1 cm^-1^ for sinigrin \[[@pone.0202153.ref022]\].

Nitrilase activity {#sec006}
------------------

For the measurement of nitrilase activity, the production of ammonia was measured by the Berthelot reaction \[[@pone.0202153.ref046]\]. Approximately 60 mg of frozen and ground plant material was extracted with 500 μl of 100 mM sodium phosphate buffer (ice cold) and kept on ice for 10 min. After centrifugation, the supernatant (100 μl) was taken directly or heated for 10 min at 100 °C (control). The nitrilase reaction was started by addition of the substrate 6-heptenenitrile (2.5 mM) and samples were incubated at 30 °C for 45 min. For detection of the produced NH~3~, 330 mM sodium phenolate trihydrate, 20 mM sodiumhypochloride and 0.01% disodium pentacyanonitrosyl ferrate (III) dihydrate (sodiumprussid) were added and heating at 99 °C for 2 min was performed. Samples were diluted with 600 μl H~2~O and analysed in a 96 well plate at 640 nm. Each sample was measured in triplet. The activity was calculated using a standard curve with NH~4~Cl. The protein content of the samples was determined using the Pierce Coomassie (Bradford) Protein Assay (Thermo Fisher Scientific).

Western blots {#sec007}
-------------

A denaturing SDS-PAGE (Biorad; Mini-PROTEAN^®^ TGX Stain-Free^™^ Precast Gel) was performed (45 mA; 40 min) with 6 μg of leaf extract. As a marker, the Amersham ECL High-Range Rainbow marker (GE Healthcare) was used. The ensuing blotting to a nitrocellulose membrane was performed for 1.5 h at 440 mA and the proteins were detected by anti-TGG1 and anti-TGG2 antibodies \[[@pone.0202153.ref014]\]. Coomassie staining and a polyclonal anti-actin antibody (Agrisera; AS13 2640) were used as a loading control. Detection was performed by the usage of a secondary antibody goat-anti-rabbit conjugated with horseradish-peroxidase (Agrisera) and the Amersham ECL Western Blotting Detection Reagent (GE Healthcare). All experiments were performed in duplicate or triplicate.

Statistical analyses {#sec008}
--------------------

Data are given as means ± standard deviation. Significant differences between means were evaluated by either Student's T-tests or Student Newman Keuls tests at the p \< 0.05 level using a statistical software package (XLStat Base, Addinsoft Paris, France).

Results {#sec009}
=======

Myrosinase activity during plant development {#sec010}
--------------------------------------------

In order to identify a possible turnover of GLSs in rosette leaves, we tested the myrosinase activity in two- to five-week-old plants grown under long-day (LD) conditions and additionally in plants grown under short-day (SD) conditions for three to nine weeks ([Fig 1](#pone.0202153.g001){ref-type="fig"} and [S1 Fig](#pone.0202153.s001){ref-type="supplementary-material"}). Plants grown under LD conditions showed an increased myrosinase activity at the age of three compared to two weeks and this activity subsequently decreased during further development ([Fig 1](#pone.0202153.g001){ref-type="fig"}). We tested abundances of the myrosinase isoforms TGG1 and TGG2 to estimate if the higher activity was due to a higher protein content in the leaves. The abundance of TGG1 remained stable in two- to five-week-old plants, while TGG2 was increased in three- to five-week-old plants ([Fig 2](#pone.0202153.g002){ref-type="fig"}).

![Myrosinase activity in rosette leaves during development of *A*. *thaliana*.\
Complete rosettes were harvested at the beginning of the light period after 2--5 weeks of growth under long-day conditions (16/8h light/dark), and 3--9 weeks of growth under short-day conditions (8/16 h light/dark). Error bars indicate the standard deviation of four to five biological replicates or pools. Significantly different means are indicated by different letters (Student Newman Keuls; P \< 0.05).](pone.0202153.g001){#pone.0202153.g001}

![Protein abundance of TGG1 and TGG2 during development of *A*. *thaliana* plants grown under long-day conditions.\
Rosette leaves were harvested at the beginning of the light period and protein abundance was quantified after western-blotting and immunodetection using ImageJ. Asterics indicate significant differences (Student's T-test; P \< 0.01) compared to the protein abundance in two-week-old plants. Error bars indicate the standard deviation of two to three independent experiments with pools (2- and 3-week-old plants) and single plants (4- and 5-week-old plants).](pone.0202153.g002){#pone.0202153.g002}

Col-0 plants produced more leaf biomass under SD conditions compared to LD conditions and started to bolt much later, such that nine-week-old SD plants had not yet entered the bolting stage. The leaf myrosinase activity was constant in three- to nine-week-old plants except for a peak at the age of four weeks ([Fig 1](#pone.0202153.g001){ref-type="fig"}). Taking together the results from the myrosinase activity measurement and the phenotype, five- to nine-week-old plants grown under SD conditions provide a stable background to investigate the effect of stress treatments on myrosinase activity in *A*. *thaliana*.

Myrosinase activity during the diurnal cycle {#sec011}
--------------------------------------------

Huseby et al. (2013) \[[@pone.0202153.ref023]\] demonstrated a diurnal synthesis of GLSs in leaves of two-week-old *A*. *thaliana* plants grown under LD conditions. We tested, whether GLS catabolism also followed a diurnal rhythm under these growth conditions and detected a significant decrease in myrosinase activity during the light period and an increase in the dark ([Fig 3a](#pone.0202153.g003){ref-type="fig"}). Western blot analyses showed no significant variation in the protein abundance for the myrosinase isoforms TGG1 and TGG2 during the diurnal cycle ([Fig 3b](#pone.0202153.g003){ref-type="fig"}), indicating post-translational activation of myrosinases in the light or deactivation in the dark.

![Diurnal myrosinase activity and protein abundance in two-week-old *A*. *thaliana* plants grown under long-day conditions.\
The plants were harvested at four different time points: **1** Beginning of the light period; **2** Middle of the day; **3** End of the light period; **4** Middle of the night. The myrosinase activity (**A**) was measured photometrically and normalized to the maximal activity. Error bars show the standard deviation of four to five biological replicates (pools). For protein abundance of TGG1 and TGG2 (**B**), immunoblotting and normalization with actin was performed. Error bars represent the standard deviation of three independent experiments with one pool of plants. Significantly different means are indicated by different letters (Student Newman Keuls; P \< 0.05).](pone.0202153.g003){#pone.0202153.g003}

Glucosinolate turnover under extended darkness conditions {#sec012}
---------------------------------------------------------

Carbohydrate starvation was induced by extended darkness (ED) treatment of *A*. *thaliana* plants for three days (3 d) or seven days (7 d). Plants grown for six weeks under short-day conditions were selected for this experiment since myrosinase activity is stable ([Fig 1](#pone.0202153.g001){ref-type="fig"}) and plants have produced sufficient leaf material for analysis ([S2 Fig](#pone.0202153.s002){ref-type="supplementary-material"}). Myrosinase activity and the protein abundance of both myrosinase isoforms were enhanced after 3 d and 7 d of ED ([Fig 4a](#pone.0202153.g004){ref-type="fig"}). TGG1 and TGG2 were increased 1.7-fold and 1.8-fold, respectively, after 3 d and 2-fold after 7 d of ED ([Fig 4b](#pone.0202153.g004){ref-type="fig"} and [S3 Fig](#pone.0202153.s003){ref-type="supplementary-material"}).

![Myrosinase activity, myrosinase protein abundance and nitrilase activity in rosette leaves after extended darkness (ED).\
The plants were transferred to complete darkness for 3 d (**3d ED**) or 7 d (**7d ED**) after six weeks of growth under short day conditions. Myrosinase (**A**) as well as nitrilase (**C**) activity was measured photometrically (error bars show the standard deviation of five to 19 biological replicates). For protein abundance of TGG1 and TGG2 (**B**), immunoblotting and normalization to the control was performed (error bars represent the standard deviation of three biological replicates from three independently performed Western blots). Asterics indicate significant differences (Student's T-test; P \< 0.05) compared to the control.](pone.0202153.g004){#pone.0202153.g004}

The enhanced leaf myrosinase activity and the higher abundance of TGG1 and TGG2 indicated a turnover of GLSs. To provide further evidence, the contents of GLSs in leaves of *A*. *thaliana* were measured by LC-MS. Results showed up to 89% reduced contents mainly of aliphatic GLSs in rosette leaves after one week of darkness ([Fig 5](#pone.0202153.g005){ref-type="fig"}). The strongest decrease (89%) was observed for 4-methylthiobutyl-GLS (4MTB), followed by 5-methylthiopentyl-GLS (5MTP, 66% decrease) and 7-methylthioheptyl-GLS (7MTH, 54% decrease). This shows that especially methylthio-GLS contents were decreased in leaves. In addition, the content of 7-methylsulfinylheptyl-GLS (7MSOH) was reduced by 41% and 8-methylsulfinyloctyl-GLS (8MSOO) was reduced by 31%. Indol-3-ylmethyl-GLS (I3M) was the only indole GLS which showed a decreased content, being depleted by 46%. We used a published GLS profile of Col-0 rosette leaves in the vegetative state \[[@pone.0202153.ref002]\] to estimate the effect of ED on the absolute GLS contents ([S4 Fig](#pone.0202153.s004){ref-type="supplementary-material"}). Assuming a similar profile in our plants the total GLS content of the rosette leaves would have decreased from 16.3 μmol g DW^-1^ to 9.6 μmol g DW^-1^ after seven days in the dark.

![Glucosinolate content in rosette leaves after extended darkness (ED).\
Plants were grown for six weeks under short day condition and transferred to darkness for 7 d. Glucosinolate content of rosette leaves was measured via LC-MS. Values are means of three to four biological replicates (error bars represent the standard deviation) and Student's T-test shows \*P \< 0.05; \*\* P \< 0.01; \*\*\*P \< 0.001. **1**: general structure of methylsulfinyl-GLS; **2**: general structure of methylthio-GLS; **3**: structure of I3M. **4MSOB** (4-Methylsulfinylbutyl-GLS); **5MSOP** (5-Methylsulfinylpentyl-GLS); **6MSOH** (6-Methylsulfinylhexyl-GLS); **7MSOH** (7-Methylsulfinylheptyl); **8MSOO** (8-Methylsulfinyloctyl); **4MTB** (4-Methylthiobutyl-GLS); **5MTP** (5-Methylthiopentyl-GLS); **7MTH** (7-Methylthioheptyl-GLS); **8MTO** (8-Methylthiooctyl-GLS); **I3M** (Indol-3-ylmethyl-GLS); **4MI3M** (4-Methoxy-indol-3-ylmethyl-GLS); **1MI3M** (N-Methoxy-indol-3-ylmethyl-GLS).](pone.0202153.g005){#pone.0202153.g005}

The decrease of specific GLSs in addition to an increase in protein abundance of TGG1 and TGG2 and an enhanced myrosinase activity in leaves indicates that turnover of GLSs might take place under ED conditions. We also measured nitrilase activity in order to estimate, whether breakdown into carboxylic acids via simple nitriles could be relevant for this process. Nitrilase activity was indeed significantly induced in leaves kept for one week under ED conditions compared to the control ([Fig 4c](#pone.0202153.g004){ref-type="fig"}).

Discussion {#sec013}
==========

Myrosinase activity but not protein abundance peaks in young *A*. *thaliana* plants {#sec014}
-----------------------------------------------------------------------------------

Our results indicate that total leaf myrosinase activity reaches a maximum when plants are approximately at the ten-leaf rosette stage (stage 1.10, \[[@pone.0202153.ref047]\]), ([Fig 1](#pone.0202153.g001){ref-type="fig"} and [S1 Fig](#pone.0202153.s001){ref-type="supplementary-material"}). Since growth and development of *A*. *thaliana* plants is delayed under SD compared to LD conditions, this developmental stage is reached after four and three weeks, respectively. A previous study addressing developmental changes in myrosinase activity under LD conditions produced similar results \[[@pone.0202153.ref022]\]. Remarkably, the protein abundance of the myrosinase isoform TGG2 was significantly enhanced from three to five weeks compared to two-week-old plants possibly indicating a growing importance of this isoform in mature plants. Petersen and colleagues (2002) \[[@pone.0202153.ref021]\] also showed a high increase in myrosinase content from young to mature bolting Col-0 plants using a 3D7 antibody against *Brassica napus* myrosinase. This antibody turned out to be specific for TGG2 \[[@pone.0202153.ref014]\] and therefore the results of Petersen et al. (2002) \[[@pone.0202153.ref021]\] were comparable with the findings we report here. Furthermore, Barth and Jander (2006) \[[@pone.0202153.ref022]\] demonstrated an increased myrosinase activity in mature plants in the *tgg1* mutant. Thus, not only the protein abundance, but also the activity of TGG2 was enhanced in mature Col-0 plants, indicating possible regulation at the transcript level. Using specific antibodies against TGG1 and TGG2, respectively, we could additionally determine the protein abundance of TGG1, which was not altered during development. Total myrosinase activity decreased in four- and five-week-old plants, while the protein abundances of TGG1 and TGG2 remained stable. Therefore, myrosinase activity of TGG1 and TGG2 would additionally appear to be regulated post-translationally. Another explanation could be the additional activity of atypical myrosinases in leaves of three- to five-week-old plants.

Diurnal regulation of leaf myrosinase activity {#sec015}
----------------------------------------------

The synthesis of GLSs requires amino acids, glucose, activated sulfur and ATP. Sulfate assimilation as well as GLS synthesis show a diurnal regulation pattern in two week old Col-0 plants grown under long-day conditions with maximal rates during the day when precursors and reducing power are available from photosynthesis \[[@pone.0202153.ref023]\]. Our dataset indicates that GLS turnover might be regulated reciprocally leading to increased degradation rates during the night. At least under certain growth or developmental conditions GLS breakdown could thus contribute to the reallocation of energy or nutrients during the dark period, as has been shown for amino acid metabolism \[[@pone.0202153.ref048],[@pone.0202153.ref049]\]. Indeed, the GLS content increased during the day and decreased again during the night in *A*. *thaliana* plants as well as in postharvest cabbage (*Brassica oleracea*) supporting this hypothesis \[[@pone.0202153.ref023], [@pone.0202153.ref024]\]. The changes in GLS content followed a biphasic pattern even after the plants had been shifted to constant light conditions indicating circadian regulation \[[@pone.0202153.ref024]\]. Indeed, storage under light/dark cycles has been shown to improve the content of potentially health-promoting GLSs in leafy vegetables \[[@pone.0202153.ref050]\]. Given that neither TGG1 nor TGG2 showed a diurnally altered protein abundance, we postulate that the observed changes in myrosinase activity are mediate by an as yet unknown post-transcriptional regulation mechanism.

Extended darkness induces internal turnover of glucosinolates in *A*. *thaliana* leaves {#sec016}
---------------------------------------------------------------------------------------

Extended darkness leads to carbohydrate starvation, and as a consequence plants degrade proteins and lipids in order to oxidize amino acids and fatty acids as alternative substrates for mitochondrial ATP production \[[@pone.0202153.ref040]\]. Our results suggest that GLS breakdown in the leaves might be an additional component of the carbohydrate starvation response in *A*. *thaliana*. Total leaf myrosinase activity was moderately increased after 3 and 7 days of darkness. This was accompanied by a two-fold increase in TGG1 and TGG2 protein content. The finding that TGG1 and TGG2 are not only excepted from degradation but even synthesized during the extended darkness period shows that leaf myrosinases have a crucial function for survival during carbohydrate starvation. The most obvious potential benefit from GLS turnover, the supply of oxidizable substrates for ATP production, could best be achieved via the nitrilase-dependent degradation pathway. GLS breakdown by this pathway releases glucose and either carboxylic acids or the corresponding amids without producing toxic by-products such as ITCs \[[@pone.0202153.ref051]\]. However, the specific set of products resulting from the degradation of individual GLSs still needs to be established. Col-0 plants express five different isoforms of nitrile-specifier protein and four nitrilases \[[@pone.0202153.ref012]\]. Products of GLS catabolism are the preferred substrates of the nitrilase isoforms NIT1, 2 and 3, whereas NIT4 is a β-cyanoalanine hydrolase involved in cyanide detoxification \[[@pone.0202153.ref052]\]. Our data reveal a significant increase in total leaf nitrilase activity during extended darkness and, taken together with the elevated myrosinase activity, indicate a potential role of this pathway in internal GLS turnover. Wounding of Col-0 rosette leaves leads to rapid GLS breakdown resulting mainly in the production of ITCs, which are beneficial during pathogen attack since their high toxicity makes them efficient defense compounds \[[@pone.0202153.ref033], [@pone.0202153.ref034], [@pone.0202153.ref036]\]. Under these conditions, high amounts of specifier proteins would be required to redirect GLS breakdown quantitatively towards nitrile production. In contrast, endogenous catabolism in intact cells is a much slower process so that relatively low copy numbers of modifying proteins are sufficient for shifting the balance towards nitriles. NSP dependent GLS degradation to simple nitriles has been demonstrated in Col-0 rosettes and the observed increase with plant age is in line with a postulated function of this pathway in internal GLS turnover \[[@pone.0202153.ref035], [@pone.0202153.ref037]\].

Several scenarios are possible that would enable internal GLS degradation within intact leaves. First, there might be distinct pools of myrosinase, e.g. a large one in the M-cells for fast GLS breakdown after tissue disruption (the "mustard bomb", \[[@pone.0202153.ref053]\]) and a second smaller, potentially inducible pool in the S-cells which catalyzes a more gradual GLS turnover in intact tissue \[[@pone.0202153.ref054]\]. Secondly, translocation of myrosinase by specific mediator proteins such as MVP1 has already been suggested to affect the subcellular localization of TGG2 \[[@pone.0202153.ref012]\]. Thirdly, internal turnover might be a specific function of one of the myrosinase isoforms. However, the finding that both major leaf myrosinase isoforms TGG1 and TGG2 are strongly up-regulated during carbohydrate starvation renders this scenario rather unlikely.

A study addressing the role of light in the regulation of GLS biosynthesis in *A*. *thaliana* had previously detected a decrease in total GLS content by 25% after 44 hours of darkness \[[@pone.0202153.ref023]\]. Since the plants were still in an early developmental stage, which is characterized by net synthesis and accumulation of GLSs, this effect might have been caused by a decrease in GLS synthesis rates in the dark treated plants compared to the light grown controls, increased GLS turnover, or a combination of both factors. In our approach, plants grown under short-day conditions for 6 weeks were used. These are in a vegetative growth stage with a stable myrosinase abundance and activity and therefore most likely no major changes in the GLS profile occur at this time point. Thus, the decrease in relative leaf GLS levels after 7 days of extended darkness can likely be attributed predominantly to internal degradation. This finding is well in line with the induction of myrosinase abundance and activity in the leaves. However, GLSs are also actively transported in the phloem and in the xylem \[[@pone.0202153.ref055], [@pone.0202153.ref056]\]. Thus, it cannot be excluded that repartitioning into the roots also contributes to the observed changes in leaf GLS profiles.

Interestingly, we detected large differences between the relative turnover rates of individual GLSs ([Fig 5](#pone.0202153.g005){ref-type="fig"}). Short-chain methylthio-GLSs representing the unmodified GLS core structure (4MTB, 5MTP, 7MTH) were reduced most markedly, whilst a less pronounced but still significant decrease was detected for the long-chain methylsulfinyl-GLSs (7MSOH and 8MSOO) and indolic I3M. Unbiased degradation of a mixture of GLSs would be anticipated to lead to equal relative decreases in all glucosinolates. The disappearance of methylthio-GLSs might at least partially be caused by S-oxygenation to the corresponding methylsulfinyl-GLSs by the action of flavin-containing monooxygenases even though we did not detect an accumulation of the oxidized GLSs during extended darkness \[[@pone.0202153.ref057]--[@pone.0202153.ref059]\]. Strikingly, the set of GLSs showing the largest decrease rates corresponds exactly to the characteristic seed GLSs profile, where 4MTB is most abundant \[[@pone.0202153.ref002],[@pone.0202153.ref021],[@pone.0202153.ref022]\]. Thus, another possible explanation for our results would be that the enzyme set catalyzing internal GLS turnover might be optimized for converting the seed GLS profile to the totally different composition present in the leaves during early seedling growth. This process would require a certain substrate specificity of myrosinases. TGG1 and TGG2 expressed in *E*. *coli* or *Pichia pastoris* have been shown to metabolize different GLSs with different rates \[[@pone.0202153.ref060]\]. However, preferences seem to be similar in both isoforms and seed specific GLSs have not been tested \[[@pone.0202153.ref060]\]. TGG1 and TGG2 also do not show specificity for particular GLSs in crushed tissue \[[@pone.0202153.ref022]\], so additional regulatory proteins might be involved in internal GLS turnover *in vivo*.

It has to be borne in mind that, while GLS breakdown in leaf homogenate was severely decreased in *tgg1*/*tgg2* double knockout mutants, the developmental decrease in GLS content during germination and senescence was unaffected \[[@pone.0202153.ref022]\]. Thus, there must be an alternative route to catalyze the much slower internal GLS degradation process, which could also be relevant during extended darkness. The fate of the indole GLS I3M during internal degradation might be another interesting aspect to address in future studies given that in the presence of nitrile specifier proteins myrosinase can catabolize I3M to the nitrile indole-3-acetonitrile, which is further degraded by nitrilases into indole-3-acetic acid (IAA) the plant hormone auxin \[[@pone.0202153.ref061]--[@pone.0202153.ref063]\].

Conclusion {#sec017}
==========

In this study, we demonstrated that leaf myrosinase activity changes during plant development as well as diurnally most likely due to a combination of transcriptional and post-translational regulation mechanisms. Extended darkness strongly induces both major leaf myrosinase isoforms TGG1 and TGG1 as well as total nitrilase activity and leads to internal GLS degradation. The knowledge concerning GLS turnover and its regulation is of special interest regarding the chemo-preventive properties of GLS breakdown products (for review see \[[@pone.0202153.ref008],[@pone.0202153.ref064]\]). We identified extended darkness as a means to induce turnover of specific GLSs. Further elucidation of the mechanism conveying myrosinase substrate specificity will be a useful step into the direction of producing plants that contain a particularly beneficial GLS profile for human health.

Supporting information {#sec018}
======================

###### Phenotype of developmental stages under long day and short day conditions.

The plants were grown at 22 °C, 85 μmol s^−1^ m^−2^ light and 65% humidity for 16 h light/8 h dark (long day) and 8 h light/16 h dark (short day). Numbers indicate the age of the plants in weeks.

(TIF)

###### 

Click here for additional data file.

###### Plants grown under extended darkness (ED) conditions for 3 d and 7 d.

Phenotype of six week old plants grown under short-day conditions (22 °C, 85 μmol s^−1^ m^−2^ light, 65% humidity) and transferred to darkness (22 °C, 65% humidity) for 3 d and 7 d.

(TIF)

###### 

Click here for additional data file.

###### Coomassie-stained SDS-gels and Western blots of TGG1 and TGG2.

Leaves of six-week-old plants, grown under short day conditions, were harvested after 0 d (**Control**), 3 d (**3 d ED**) and 7 d (**7 d ED**) of extended darkness, directly frozen and ground to powder. 6 μg of denatured leaf extract was load on a SDS-PAGE and further either stained with Coomassie brilliant blue (**Coomassie 1/2**) or transferred to a nitrocellulose membrane (**Western Blot 1/2**). Specific antibodies against the myrosinase isoforms TGG1 and TGG2 were used. **M**: Amersham ECL High-Range Rainbow marker (GE Healthcare). **A-C**: three biological replicates. The samples for Coomassie-stain and the Western Blots were prepared on one gel for TGG1 and TGG2, respectively.

(TIF)

###### 

Click here for additional data file.

###### Estimation of absolute glucosinolate contents in rosette leaves after extended darkness (ED).

The GLS profile of rosette leaves in the vegetative state published by Brown et al. 2003 \[[@pone.0202153.ref002]\] (blue bars) was used to calculate the theoretical content of each GLC analyzed in this study after 7d of extended darkness (red bars). Relative changes in GLS levels including standard deviations and statistics are shown in [Fig 5](#pone.0202153.g005){ref-type="fig"}. 4MSOB (4-Methylsulfinylbutyl-GLS); 5MSOP (5-Methylsulfinylpentyl-GLS); 6MSOH (6-Methylsulfinylhexyl-GLS); 7MSOH (7-Methylsulfinylheptyl); 8MSOO (8-Methylsulfinyloctyl); 4MTB (4-Methylthiobutyl-GLS); 5MTP (5-Methylthiopentyl-GLS); 7MTH (7-Methylthioheptyl-GLS); 8MTO (8-Methylthiooctyl-GLS); I3M (Indol-3-ylmethyl-GLS); 4MI3M (4-Methoxy-indol-3-ylmethyl-GLS); 1MI3M (N-Methoxy-indol-3-ylmethyl-GLS).

(TIF)

###### 

Click here for additional data file.

The antibodies were kindly provided by Professor Hara-Nishimura (Department of Botany, Kyoto University Japan). We thank Herbert Geyer and Jens-Peter Barth (Leibniz University Hannover) for growing the plants. This project took place in the frame of the Hannover School for Biomolecular Drug Research (HSBDR).

1MI3M

:   N-Methoxy-indol-3-ylmethyl-GLS

4MI3M

:   4-Methoxy-indol-3-ylmethyl-GLS

4MSOB

:   4-Methylsulfinylbutyl-GLS

4MTB

:   4-Methylthiobutyl-GLS

5MSOP

:   5-Methylsulfinylpentyl-GLS

5MTP

:   5-Methylthiopentyl-GLS

6MSOH

:   6-Methylsulfinylhexyl-GLS

7MSOH

:   7-Methylsulfinylheptyl

7MTH

:   7-Methylthioheptyl-GLS

8MSOO

:   8-Methylsulfinyloctyl

8MTO

:   8-Methylthiooctyl-GLS

BGLU

:   Beta Glucosidase

ED

:   Extended darkness

GLS

:   Glucosinolates

I3M

:   Indol-3-ylmethyl-GLS

ITC

:   Isothiocyanate

LD

:   Long

MVP1

:   Modified vacuolar phenotype 1

SD

:   Short day

TGG

:   Thioglucoside glucohydrolase
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